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I INTRODUCTION 

T h i s  i n v e s t i g a t i o n  i n v o l v e s :  (1) fundamental s t u d i e s  i n  t h e  f i e l d  

of low energy e l e c t r o n i c ,  i o n i c ,  atomic,  and molecular impact phenomena, 

and ( 2 )  t h e o r e t i c a l  s t u d i e s  s p e c i f i c a l l y  r e l a t e d  t o  our  exper imenta l  

i n v e s t i g a t i o n s  on low-energy c o l l i s i o n s .  Work i n  a c l o s e l y  r e l a t e d  

a r e a  i s  a l s o  be ing  c a r r i e a  o u t  u x k r  a grant from t h e  Na t iona l  Sc ience  

Foundation under t h e  t i t l e ,  "Quantum Mechanics of Molecular Rearrange- 

ment s . 1 )  

T h i s  r e p o r t  summarizes t h e  work done d u r i n g  t h e  t o t a l  c o n t r a c t  

p e r i o d ,  A p r i l  15 ,  1962 t o  .Tanuarg 15, 1964, with a d d i t i o n a l  emphasis 

on t h e  work beginning  October 15, 1963. Reference may be made t o  ou r  

q u a r t e r l y  r e p o r t s *  f o r  f u r t h e r  i n fo rma t ion  on a c t i v i t i e s  up t o  October 15, 

1963. 

I1 THEORETICAL ACTIVITIES 

For t h e  p a s t  f o u r  y e a r s  under t h e  sponsor sh ip  of S tan fo rd  Research 

I n s t i t u t e ,  of NASA (under t h i s  c o n t r a c t  and under c o n t r a c t  NASW-80), 

and of NSF, w e  have been engaged i n  a number of s t u d i e s  related t o  t h e  

g e n e r a l  a r e a  of t h e  quantum mechanics of molecular rear rangements .  The 

i n t e n t i o n  of t h i s  program has  been t o  apply modern quan ta l  c o l l i s i o n  

t h e ~ r y  tc! prnhlems of chemical k i n e t i c s .  

have appeared or w i l l  appear i n  t h e  pub l i shed  l i t e r a t u r e  and are b r i e f l y  

summarized h e r e ,  I n  t h e  c o u r s e  of t h e  work w e  have had occas ion  t o  

r ev iew t h e  s t a t u s  of c o l l i s i o n  theory  i n  chemical k i n e t i c s  ( i n  1960),l 

t o  deve lop  some new fundamental conceptua l  tools i n  c o l l i s i o n  theo ry  

( t h e  l i f e t i m e  m a t r i x , 2  g e n e r a l i z e d  angu la r  momentum t o  d e s c r i b e  3-body 

and many-body c o l l i s i o n s ,  3 9 4  many-body c o l l i  s i o n  l ifetimes ,' many-body 

G r e e n ' s   function^^'^), t o  show how t h e s e  concep t s  can  be a p p l i e d  i n  

The r e s u l t s  of t h i s  program 

q u a r t e r l y  Repor ts  No. 1 through 6 under t h i s  p r o j e c t .  

h 



s t a t i s t i c a l  s y s t e m s  ( i n  t h e  connec t ions  between c o l l i s i o n  p r o p e r t i e s  

and chemical r e a c t i o n  r a t e s , 8  and between c o l l i s i o n  l i f e t i m e s  and t h e  

thermodynamic f u n c t i o n s  of imperfec t  g a s e s S 9 l o ) ,  and t o  make use  of t h e  

i n s i g h t s  ga ined  f o r  p r e d i c t i n g ,  c o r r e l a t i n g ,  and i n t e r p r e t i n g  exper imenta l  

resu l t s  ( i n  a c l a s s i c a l  approximation t o  t h e  theory  o f  3-body r e a c t i o n s , "  

a q u a n t a l  t heo ry  of 2-body c o l l i s i o n  l i f e t i m e s  a p p l i c a b l e  t o  3-body 

r e a c t i o n  r a t e s , * '  anc! some new results i n  t h e  theory  of charge-exchange 

c o l l i s i o n s  a t  low e n e r g i e s 1 3 ) .  Of t h e s e  items, r e f e r e n c e s  5 ,  G ,  ?, and 

9 through 13 w e r e  suppor ted  i n  whole or i n  p a r t  by t h i s  p r o j e c t .  During 

t h e  l a s t  q u a r t e r ,  r e f e r e n c e s  7 and 13 were prepared and c o p i e s  of them 

a r e  be ing  forwarded s e p a r a t e l y .  Repr in t s  of r e f e r e n c e  9 have r e c e n t l y  

been r ece ived  and c o p i e s  are a l s o  be ing  forwarded s e p a r a t e l y .  

I n  a d d i t i o n  t o  t h e s e  p i e c e s  of work, c e r t a i n  o t h e r  items a r e  

c u r r e n t l y  i n  p rogres s .  Dr. Alan L .  S tewar t  (on l e a v e  from Queen's 

U n i v e r s i t y ,  B e l f a s t )  i s  working on t h e  theory  of c o n f i g u r a t i o n  i n t e r -  

a c t i o n  i n  doubly e x c i t e d  s t a t e s  of 2 -e l ec t ron  systems. H e  has  a l s o  

been examining t h e  use  of  u n r e s t r i c t e d  Hartree-Fock wave f u n c t i o n s  

i n  t h e  s tudy  of e l e c t r o n  c o r r e l a t i o n  i n  atomic s y s t e m s .  I n  t h i s  he 

h a s  a t t a i n e d  some i n t e r e s t i n g  r e s u l t s  which show t h a t  t h i s  approach 

c a n  be u s e d  t o  o b t a i n  a p e r t u r b a t i o n  expansion c o n t a i n i n g  terms of 

o r d e r  2-'. 

r a d i a l  c o r r e l a t i o n  i n  t h e  second o r d e r  ground s t a t e  energy of atoms 

such  as h e l i u m .  When t h e s e  p i eces  of work by Dr. Stewar t  r each  a more 

complete form c o p i e s  w i l l  be f 0 m 2 r d e d  t o  NASA. 

These terms account f o r  about n i n e t y  pe rcen t  of  t h e  t o t a l  

N A S A ' s  suppor t  i n  t h i s  c o n t r a c t  h a s  a s s i s t e d  g r e a t l y  i n  our 

c m t i n u e d  development of a s p e c t s  of quantum mechanical c o l l i s i o n  theo ry  

a s s o c i a t e d  w i t h  chemical rearrangements and o t h e r  heavy-pa r t i c l e  

c o l l i s i o n  p r o c e s s e s ,  One of  our most r e c e n t  p i e c e s  of  work, r e f e r e n c e  

13, was s t i m u l a t e d  by  some very r e c e n t  exper imenta l  r e s u l t s  i n  ou r  

l a b o r a t o r i e s ,  and t h e  development of t h e  theory  of charge  exchange w i l l  

c o n t i n u e  t o  be c a r r i e d  ou t  i n  c l o s e s t  c o l l a b o r a t i o n  w i t h  t h e  exper iments ,  

The charge  exchange work i s  a l so  ve ry  c l o s e l y  r e l a t e d  t o  o t h e r  items 

which a r e  be ing  s t u d i e d  i n  t h i s  program, n o t a b l y ,  t h e  s tudy  of c o l l i s i o n  
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l i f e t i m e s  and o r b i t i n g  connected with t h e  mechanism of 3-body atom-atom 

recombina t ions .  

I One aspec t  of t h e  program w e  have been c a r r y i n g  o u t  which w e  

deem of p a r t i c u l a r  importance i s  t h e  a t t empt  t o  examine bo th  t h e  quantum 

mechanical  and t h e  c l a s s i c a l  a s p e c t s  of c o l l i s i o n  problems i n  c l o s e  

j u x t a p o s i t i o n .  There i s  no doubt t h a t  c lass ica l  approximations are 

o f t e n  ex t remely  va luab le  bu t  i t  i s  a l so  t r u e  that they  a w  too o f t e n  

used  wi thout  cons ide r ing  t h e i r  l i m i t a t i o n s .  I t  i s  o u r  hope t h a t  a n  

approach which i s  focused  on a p a r a l l e l  development w i l l  show bo th  t h e  

l i m i t a t i o n s  and t h e  r e g i o n s  of v a l i d i t y  of  t h e  c l a s s i c a l  approximat ions ,  

and w i l l  provide methods for e s t i m a t i n g  and c o r r e c t i n g  for t h e  e r r o r s  

of t h e  c l a s s i c a l  approach,  Th i s  i s ' p a r t i c u i a r i y  iiiipoi'tazt 5 n cnnnec t ion  

w i t h  t h e  heavy-pa r t i c l e  c o l l i s i o n s  t h a t  a r e  t y p i c a l  of chemical  r e a c t i o n s  

s i n c e  t h e s e  invo lve  such a l a r g e  number of p a r t i a l  waves t h a t  f u l l  

s c a l e  quantum c a l c u l a t i o n s  a r e  s t i l l  ex t remely  d i f f i c u l t .  

\ 

I I I PERSONNEL AND RELATED ACTIVITIES 

The fo l lowing  personnel  have c o n t r i b u t e d  t o  t h i s  program. D r .  

F .  T. Smith,  D r .  R .  C .  Whi t ten ,  and D r .  R .  P. Marchi of t h e  S tan fo rd  

Research I n s t i t u t e  s t a f f  and D r .  A .  L ,  S tewar t  from t h e  Queen 's  

U n i v e r s i t y  of Be l f a s t  who i s  par t i c i . pa t ing  a s  a v i s i t i n g  s c i e n t i s t .  

I n  a d d i t i o n ,  w e  have had o t h e r  v i s i t o r s  €or a s h o r t e r  pe r iod  OP time 

i n c l u d i n g  D r .  Takashi Ohmura of Tokyo Unive r s i ty  a x !  D r ;  Char l e s  C u r t i s s  

o f  t h e  U n i v e r s i t y  of Wisconsin.  

I n  t h e  f a l l  of 1963 w e  i n i t i a t e d  a series of  in formal  seminars 

r e l a t e d  t o  t h e  theory  of atomic and molecular  p rocesses .  The fo l lowing  

t a l k s  were g iven  du r ing  t h e  per iod  October  22,  1963 t o  January  7 ,  1964. 

O c t .  22 D r .  A .  S t e w a r t ,  SRI, on l e a v e  from t h e  Queen 's  
Un ive r s i ty  of B e l f a s t ,  B e l f a s t ,  North I r e l a n d .  
"Some Recent C a l c u l a t i o n s  on t h e  P r o p e r t i e s  of 
A t o m i c  Li thium and t h e  I s o e l e c t r o n i c  Ions."  

3 



Oct .  29 

Nov. 5 

Nov. 12 

Nov. 19 

Nov. 26 

Dec. 3 

D e c .  10 

Dec. 17 

J a n  7 

D r .  T .  Ohmura, SRI, V i s i t i n g  S c i e n t i s t ,  
Tokyo Univers i ty  of Japan 
'wave Packet Theory of S c a t t e r i n g .  

D r .  T. Ohmura, SRI 

I t  

Free-Free and Bound-Free T r a n s i t  i o n s  of H- . " v t  

D r .  M .  Mitt leman, LRL, Livermore, C a l i f o r n i a .  
Charge Exchange C o l l i s i o n s  ." )I  

D r .  G.Gioumousis, S h e l l  Development Corpora t ion ,  
Ro ta t iona l  Relaxat ion of H2 with  Regard t o  NMR." I *  

D r .  F .  Smith,  SRI. 
"Orbi t ing C o l l i s i o n s  ." 
D r .  A .  S t ewar t ,  SRI . 
t i o n  Theory. I '  

C a l c u l a t i o n s  of Atomic P r o p e r t i e s  Using Per turba-  I? 

D r .  Enr ico  Clementi ,  IBM, San Jose .  
"Hartree-Fock R e l a t i v i s t i c  and C o r r e l a t i o n  Energy 
i n  Atoms and Small Molecules." 

P ro fes so r  Bruce Mahan, Chemistry Dept . ,  Un ive r s i ty  
of C a l i f o r n i a ,  Berkeley.  

Charge Recombination i n  Gases." I* 

D r .  Richard Brewer, IBM, San J o s e .  
"Optical  Pumping and Gas Phase C o l l i s i o n s  . I '  

FTS : t f  

Chemical Ph s s Divis ion  tY 

F e l i x  T. Smith 
Senior  Phys ica l  Chemist 
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